Abstract Mineral analogs to silicate phases common to planetary regolith, including olivine; the pyroxenes augite and diopside; the plagioclase feldspars labradorite, bytownite, and albite; the Johnson Space Center-1A lunar regolith simulant; as well as quartz (used as a reference), were subjected to mechanical pulverization by laboratory milling for times ranging from 5 to 45 min. Pulverized minerals were then incubated in an aqueous solution containing the free radical spin trapping compound 5,5-Dimethyl-1-Pyrroline-N-Oxide for times ranging from 5 to 30 min. These slurries were then analyzed by Electron Paramagnetic Resonance spectroscopy to quantify the amount of hydroxyl radical (the neutral charge form of the hydroxide ion, denoted as OH*) formed in solution. We find that all tested materials generate an Electron Paramagnetic Resonance spectrum indicating the formation of OH* with concentrations ranging between 0.1 and 1.5 μM. We also find that, in general, mineral pulverization time is inversely correlated to OH* generation, while OH* generation is positively correlated to mineral fluid incubation time for phases that have iron in their nominal chemical formulae, suggesting the possible action of Fenton reaction as a cofactor in increasing the reactivity of these phases. Our results add to a body of literature that indicates that the finely comminuted minerals and rocks present in planetary regolith are capable of generating highly reactive and highly oxidizing radical species in solution. The results provide the foundation for further in vitro and in vivo toxicological studies to evaluate the possible health risks that future explorers visiting the surfaces of planetary bodies may face from these reactive regolith materials.
Introduction
Recent research has demonstrated that when silicate minerals common to Fe-and Mg-rich (mafic) igneous rocks, such as olivine, pyroxene, and plagioclase feldspar, are mechanicallypulverized in the laboratory and then mixed with liquid media, a wide variety of oxidizing compounds are generated Fubini et al., 2001; Hardy & Aust, 1995; Horwell et al., 2003; Hurowitz et al., 2007; Kaur et al., 2016; Loftus et al., 2010; Schoonen et al., 2006; Turci et al., 2015; Wallace et al., 2009 Wallace et al., , 2010 . Some of these are compounds of oxygen and include hydrogen peroxide (H 2 O 2 ), superoxide radical (O 2 * − ), and OH*. Collectively, these types of oxygen-based compounds are known as reactive oxygen species or "ROS". ROS can be generated by reactions between oxygen-containing compounds (e.g., water, O 2 , and H 2 O 2 ) and broken chemical bonds present at the surfaces of mechanically pulverized minerals (Dröge, 2002; Fenoglio et al., 2001) . The generation of ROS is a common and natural occurrence on Earth and can transpire in a variety of environments. For example, interactions between molecular oxygen and redoxsensitive transition metal atoms in minerals (e.g., Fe) have been demonstrated to release ROS (Harrington et al., 2015; Schoonen et al., 2006 Schoonen et al., , 2010 . ROS can also be generated through photolysis of nitrous acid HENDRIX ET AL. 28
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• Electron paramagnetic resonance spectroscopy measurements show minerals with high iron content generate 2-5 times more OH* relative to minerals with low iron content • Planetary regolith on airless bodies containing iron-rich mineral phases has the potential to generate oxidizing species that may pose a hazard to future human explorers • High reactivity levels of iron-rich minerals should motivate the development of effective mitigation systems for humans traveling to the Moon, especially in the mare regions (HNO 2 ) and are major oxidants in the Earth's atmosphere (Taraborrelli et al., 2012; Zhou et al., 2001) . ROS can additionally be created enzymatically within macrophages (white blood cells) attempting to remove insoluble particles that have been inhaled and deposited into the lungs . Another mechanism of ROS generation, and the focus of this work, is through interactions between water and structural defect sites at mineral surfaces. These structural defects such as E-centers and Si-O radicals are easily generated by the breaking of chemical bonds via physical processes, such as grinding, crushing, and pulverizing (e.g., Hasegawa et al., 1995) . Industrial operations, such as sandblasting, and natural phenomena, such as dust storms and volcanic eruptions, are capable of generating particles with these reactive surface sites, and Fe-rich particles, which can participate in Fenton chemistry (Damby et al., 2016; Doganay et al., 2010; Haber & Weiss, 1934; Horwell et al., 2003 Horwell et al., , 2007 Horwell et al., , 2013 , can stimulate further ROS generation. Equation (1) shows the Fenton reaction.
On the surfaces of rocky planets, planetesimals, and asteroids, meteorite impact processes are also capable of generating fine-grained minerals with reactive surface sites that can generate ROS (Colwell et al., 2007) . The thick blankets of regolith present on the surfaces of all rocky solar system bodies testify to the efficacy of this process. This dust easily adheres to surfaces; astronauts who spent time on the lunar surface during the Apollo program were quickly covered with fine-grained dust (Latch et al., 2008) . Dust that adhered to their space suits was eventually brought into the Apollo spacecraft, and some astronauts exhibited allergy-like symptoms to it when inhaled (Khan-Mayberry, 2008; Scheuring et al., 2008; Wagner, 2004) .
Pulverized minerals, and the ROS generated by them, are well known to be hazardous in occupational settings where dust is produced. A common exposure route is through the inhalation of fine-grained, respirable mineral dusts that generate ROS in contact with lung fluids. This exposure can result in oxidative damage and the development of lung inflammation, cardiovascular diseases, and pulmonary diseases such as silicosis over the course of long-term exposure (Caston et al., 2018; Harrington et al., 2013; King et al., 1945; Rimal et al., 2005; Vallyathan et al., 1997) . ROS can also induce cell death via necrosis, which ruptures the cell membrane, or apoptosis, the programed death of a cell (Harrington et al., 2015; Schoonen et al., 2006) . ROS are also known to initiate inflammation and indirectly trigger mutations and possibly cancer (Hardy & Aust, 1995; Harrington et al., 2012; Schoonen et al., 2006) . High levels of iron in the body can contribute to complex reactions that lead to inflammation, fibrosis, and eventually cancer (Selby & Friedman, 1988; Stevens et al., 1986) , so lunar dust, which contains abundant iron, has the potential to be a carcinogenic substance. Proposed mechanisms for ROS biotoxicity include OH* acting as an electrophile and attacking DNA molecules, which act as the nucleophiles: a process that occurs when OH* is generated in close proximity (~10 Å) to the target molecule (Pryor, 1988) . Gas chromatography-mass spectrometry analysis of the byproducts of iron-catalyzed DNA damage shows that 17 different products form as a result from OH* damage of DNA (Dizdaroglu et al., 1991; Von Sonntag et al., 1991) . The main product that was observed by Dizdaroglu et al. (1991) was 8-hydroxy-2′-deoxyguanosine (8-OHdG), which is a result of the oxidation of deoxyguanosine (Dizdaroglu et al., 1991) . The OH* has also been linked to onset of bronchogenic carcinoma (Pezerat, 1991) . These hazardous properties make ROS generation an important phenomenon to study in an effort to assess the potential health impacts to human explorers sent to planetary bodies within our solar system where fine-grained and mechanically pulverized mineral dusts formed from mafic rocks are found in abundance. This will be especially important as we move further into this century, and the possibility of space travel to planetary bodies by national space agencies or commercial spaceflight entities becomes more realistic.
Of the various ROS generated by the interaction of pulverized minerals and liquid media, OH* is among the most reactive. Previous studies show that ferromagnesian minerals (e.g., amphiboles and pyroxenes) and felsic minerals (e.g., feldspars) extracted from volcanic ash exhibit high and low OH* generation, respectively (Horwell et al., 2003) . It has been shown that lunar regolith collected by the Apollo astronauts is highly reactive and that Fe content and regolith maturity are both correlated to OH* generation (McKay et al., 2015; Wallace et al., 2009 ). Here we present data from experiments designed to provide a quantitative measure of OH* generation from mechanically pulverized mineral phases relevant to the lunar regolith: olivine, bytownite, augite, labradorite, and diopside, as well as the lunar regolith simulant material Johnson Space Center (JSC)-1A. Owing to their extreme reactivity and short lifetimes (Pryor, 1988) , we use the spin trap compound 5,5-Dimethyl-1-Pyrroline-N-Oxide (DMPO) to sequester OH* generated by mineral powders. The signal obtained in these experiments is compared to the signal obtained in measurements of aqueous solutions with known concentrations of the stable spin standard compound 4-hydroxy-2, 2, 6, 6-tetramethylpiperidin (TEMPOL) under identical conditions. Using this strategy, OH* generation from freshly pulverized solid materials can be quantified (Eaton et al., 2010) . Studies such as this provide further insights into the formation of ROS by silicate minerals and provide the framework for the mitigation of hazards that could be encountered on planetary bodies by future human explorers.
Methods
Our experimental protocol involved the mechanical pulverization of seven different minerals and one lunar simulant, followed by the assessment of OH* generation using an electron paramagnetic resonance (EPR)-based technique. The minerals chosen for experimentation were olivine ((Mg,Fe) (Dyar et al., 2015) . Both albite and quartz were obtained as research grade mineral fragments from Wards Scientific, Inc. These seven minerals were selected due to their widespread occurrence on basaltic surfaces of planetary bodies within the solar system and because they provide a useful comparison point to the suite of minerals examined in Hurowitz et al. (2007) , who analyzed the generation of H 2 O 2 from these same minerals in water-mineral slurries. Quartz is not commonly found on extraterrestrial basaltic surfaces, but we used it in our experiments because it provides a reference material that is understood to be reactive and toxic (e.g., James et al., 2013; Santana et al., 2010) . We also performed experiments on the lunar regolith simulant JSC-1A, which we obtained from Orbital Technologies Corporation. JSC-1A is a mass-produced version of the JSC-1 simulant, which was created by Johnson Space Center based on the composition, mineralogy, particle size, cohesion, and friction of the lunar regolith (Alshibli & Hasan, 2009) . JSC-1A is meant to simulate glass-rich, low-titanium mare regolith found on the Moon. It contains crystalline silicate phases of plagioclase, pyroxene, olivine, minor oxide phases of ilmenite and chromite, and traces of clay minerals (Alshibli & Hasan, 2009) . JSC-1A is not a perfect proxy of pristine lunar mare regolith, as it contains ferric iron, lower total iron abundance, traces of clay minerals, and high levels of Ti-magnetite relative to lunar regolith (Hill et al., 2007) . However, reactivity data obtained from JSC-1A have value in that it is readily available to other researchers in large quantity (unlike real lunar regolith) and thus provides a reference material against which interlaboratory comparisons of reactivity can be made (Caston et al., 2018; Loftus et al., 2010; Turci et al., 2015) .
Prior to grinding in a Retsch PM100 planetary ball mill, minerals were lightly crushed in a hardened-steel mortar and pestle from their as-received size of a few millimeter diameter, followed by sieving to <125 μm using a brass sieve. This crushing and sieving was not necessary for the JSC-1A sample, which is produced by Orbital Technologies Corporation as a powder. Sieved materials were then placed in a 50-ml agate grinding container fitted with three 20-mm diameter agate grinding balls and ground for 5, 15, 30, or 45 min at 350 rpm. Contamination was not a concern when using the agate ball mill because agate is well understood to produce minimal contamination when used as a grinding medium (Hickson & Juras, 1986 ). An aliquot of all the sample powders produced by milling in the Retch ball mill was reserved for analysis of surface area by gas adsorption (BET N 2 technique using a Quantachrome Instruments Nova 2200e Surface Area Analyzer). Based on seven measurements of a 10-m 2 /g BET standard powder, we estimate uncertainties on our surface area measurements to be 6% relative at the 2-sigma level (average = 10.2 ± 0.6, 2σ).
Scanning electron microscopy (SEM) was used to image pulverized mineral samples using a LEO-1550 FEG SEM equipped with an energy dispersive X-ray (EDAX) spectrometer, which was used to obtain energydispersive X-ray spectra from our pulverized mineral samples in order to obtain qualitative information on their chemical compositions. All samples were coated twice with a 2-nm gold layer using an Edwards 150B sputter coater at a 30°angle prior to SEM/EDAX analysis. SEM images and EDAX spectra are presented in the supporting information ( Figures S1-S28 ). Grain size distribution data were obtained for a subset of samples that were ground for 5, 15, and 30 min using a Malvern Instruments Mastersizer 2000, which measures the light scattering intensity of particles suspended in deionized water to determine particle sizes. Grain size distribution curves are shown in the supporting information ( Figures S29-S35 ). Grain size information of JSC-1A is available from Zeng et al. (2010) .
After completion of each individual grinding cycle, the samples were separated into individual Al-foil wrapped, 15-ml centrifuge tubes and incubated in solution for 5, 15, 30, or 45 min. Each vial contained 0.5 ml of 40-mM DMPO to which 200 mg of ground sample was added. For the duration of the incubation, the sample-DMPO slurry was placed on an end-over-end tube rotator to mix the DMPO and mineral powder, promote reaction between DMPO and OH*, and generate the stable DMPO-OH adduct. Following incubation, each slurry was filtered using either a 0.02-or a 0.1-μm syringe filter. Then, 50 μl of the filtered solution was pipetted into a capillary EPR tube and inserted into the sample cavity of a Magnettech MS400 MiniScope EPR spectrometer to determine the OH* concentration generated in solution by the pulverized solid sample. The EPR measurements were typically carried out within~5 min of completing the incubation; early experiments with DMPO revealed that the DMPO-OH adduct has a limited lifetime. Based on our experience, we estimate that waiting longer than~10-20 min to make the EPR measurement of DMPO-OH has a noticeable effect on the final determination of OH* concentration. This finding is in general agreement with experimental data on the half-life of DMPO-OH, determined to be 16.6 min for a 50-μM DMPO-OH solution (Nakamura et al., 2010) .
To measure OH* generation, we adapted an experimental protocol that makes use of the radical spin trapping compound DMPO to measure OH* generation from pulverized minerals (Eaton et al., 2010; Horwell et al., 2003; Turci et al., 2015) . DMPO stabilizes the OH* generated by pulverized minerals as a DMPO-OH radical adduct. This stable adduct, or "spin trap," is then measured by EPR spectroscopy. In order to quantify OH* generation, we used the spin standard TEMPOL at concentrations of 0.5, 1.0, 2.0, and 3.0 μM. These solutions were measured on the EPR spectrometer using identical scan parameters to those used for measurement of experimental DMPO solutions. A set of EPR spectra collected on TEMPOL solutions with concentrations ranging from 0.5 to 3 μM are shown in the supporting information ( Figure S36 ).
The MS400 spectrometer is an X-band EPR spectrometer, operating at microwave frequencies between 9.3 and 9.55 GHz. For measurement of EPR spectra, we typically used a magnetic field center point (B o ) of 3,360 gauss (G) and swept the instrument through a magnetic field range of approximately 80 G, using a 60-s sweep time. Other instrument settings included a modulation amplitude of 3,000 mG and a microwave power of 32-50 mW (equivalent to a microwave attenuation of 3-5 dB). Finally, we note that, because EPR spectroscopy makes use of a phase-sensitive detection scheme, the microwave absorbance spectra are recorded as first-derivative spectra and plotted as graphs of dA dG versus G, where A is microwave absorbance and G is magnetic field strength in units of Gauss. Accordingly, quantification of total microwave absorbance typically involves fitting and removal of the spectral baseline, integration of the derivative spectra to convert it into an absorbance spectrum, followed by a second integration to calculate the area under the absorbance curve.
An alternative approach used here is simply to measure "β" (Figure S37 ), the absolute value of the height of one of the characteristic peaks in the first-derivative spectra of the compound being measured (Rice-Evans et al., 1991) . We made use of this approach because we found that our EPR measurements, particularly at low-spin trap concentration, were characterized by an irregularly sloping baseline that could not be readily subtracted from our EPR spectra. All attempts to perform a double integration of the first-derivative EPR spectra after baseline subtraction produced abnormal integral curve shapes. Accordingly, we have adopted the more straightforward measurement of β for our purposes. We find a linear scaling relationship between our measurements of β and the known concentration of the TEMPOL solution in our measurement range ( Figure S38 ). Standard curves were constructed at the beginning of each measurement session and used for determination of the concentration of OH* generated in mineral-DMPO experimental slurries. This determination was made by measurement of the β value for the second, larger peak in each spectrum collected on DMPO-OH experimental solutions ( Figure S39 ), followed by comparison of the measured β value to the calibration curve of β versus TEMPOL concentration.
In addition to the incubations described above, we assessed the reactivities of quartz and augite as a function of time in order to understand how long minerals can be expected to retain their reactive properties in a lab air environment after they have been mechanically pulverized. These minerals were chosen due to their wide variations in reactivity (described below). For these experiments, powdered samples were left out on the benchtop after pulverization and reactivity measurements were performed on additional aliquots of those samples every 1-2 days without further grinding. Approximately 15 g of augite and quartz were ground in an agate ball mill grinder for 15 min before testing. For each experiment, approximately 200 mg of sample was incubated for 15 min in 88.4-mM DMPO before DMPO-OH concentration determinations with EPR.
In order to determine whether iron was being released into solution during incubation of our mineral slurries (labradorite, bytownite, augite, forsterite, albite, quartz, and diopside), we measured dissolved iron concentrations using a Thermo iCAP 6300 radial view inductively coupled plasma-atomic emission spectrometer (ICP-AES). Each sample was incubated for 30 min using the same procedure as those used to prepare samples for EPR analysis. The filtrates were then placed into a 20-ml plastic vial which was then added 1.5-ml 5.0% HNO 3 solution. The concentrations of iron in the unknowns were determined using 0.1, 1.0, and 10.0 ppm Fe standard solutions. The intent of these measurements was to assess whether dissolved Fe, derived from the minerals during incubation, was playing a role in the generation of OH* via Fenton's reaction (equation (1)).
Finally, because DMPO-OH spectra can also be produced by interaction between DMPO and Fe 3+ (Cohn, Mueller, Wimmer, et al., 2006; Makino et al., 1990 ), we performed a control experiment to demonstrate that our DMPO-OH spectra were produced as a result of interaction between DMPO and OH*, rather than DMPO and Fe 3+ . In these control experiments, we combined 20 μl of high-purity methanol, 50 μl of a 2.5-mM The methanol effectively competes with DMPO to scavenge the OH*, and the resulting methanol-based radical goes on to react with DMPO. The resulting EPR spectrum, which results from the interaction between DMPO and a methanol-based radical that was formed by interaction with OH*, provides indirect confirmation that OH* was present in solution. This spectrum can then be used as the basis for comparison to a spectrum generated by adding 20 μl of methanol to an olivine-DMPO slurry, which was incubated under the same conditions and measured by EPR.
Results
Measurement Accuracy and Repeatability
One of the challenges faced in developing a protocol to quantify OH* generation on the basis of EPR spectroscopy using spin trapping is to evaluate the uncertainty in the measurements. We attempt to provide an assessment of the accuracy associated with the OH* concentrations using our TEMPOL calibration curves, as follows. For each TEMPOL calibration curve constructed, we performed four linear regressions on the data set, each time leaving one of the four data points (0.5, 1.0, 2.0, and 3.0 μM) out of the regression. We then used the equation for the linear regression through the remaining three data points to calculate the TEMPOL concentration of the data point that was left out of the regression, effectively treating that measurement of a standard as an unknown. We then estimated the accuracy of our measurements by calculation of percent error, defined here as
and found that at 0.5, 1.0, 2.0, and 3.0 μM, accuracy, expressed as percent error, came out to 0-60%, 0.93-7%, 0.76-4%, and 2.88-6%, for the full set of TEMPOL calibration curves constructed during the course of our experimental measurements, respectively.
The repeatability (i.e., precision) of our experimental protocol was evaluated on the basis of 30 duplicate measurements (9 duplicates for olivine, 9 duplicates for albite, and 12 duplicates for JSC-1A), shown in Table 1 . Because each of our replicate measurements represents a distinct set of grind and incubation times, as well as differing solid substrates (i.e., olivine, albite, and JSC-1A), it is not possible for us to determine a statistically meaningful aggregate value for measurement precision. We do note that Kaur et al. (2016) estimated the precision of the same protocol as ours, on the basis of triplicate measurement with JSC-1A material on the same equipment used in this study, to be ±0.1 μM for a sample that yielded a mean OH* concentration of 0.6 μM (or ±16.7% relative). For our replicate data, we present an alternate approach that is often used in biomedical research to assess measurement repeatability (Bland & Altman, 1986) . In this approach, the difference between individual replicates is calculated and then a mean and standard deviation of all differences are calculated. For the replicates in Table 1 , this results in a mean difference of −0.23 μM with a 2σ value of ±0.70 μM for olivine, a mean difference of −0.07 μM with a 2σ value of ±0.23 μM for albite, and a mean difference of 0.07 μM with a 2σ value of ±0.41 μM for JSC-1A. If the measurements are to be considered repeatable, then the differences between individual replicate measurements must lie within two standard deviations of the mean difference of all replicates. Graphically, this is presented in a Bland-Altman plot (Figures 1a-1c) , where the difference between individual replicates is plotted against the mean of the individual replicates. Here it can be seen that the differences between our individual replicate measurements lie within the calculated 2σ envelope, indicating that our measurements meet the criteria required to consider them repeatable (Bland & Altman, 1986) .
OH* Generation by Pulverized Solids
Surface area-normalized OH* concentration values (μmol/m 2 ) are presented in Table 1 . Values for μmol OH* were calculated using the OH* concentrations determined in solution by EPR spectroscopy (presented in supporting information Table S1 as a function of grind time and incubation time) and the measured volume of liquid (L) used to generate a sample-DMPO slurry in each experiment. Values for square meter were determined from surface area measurements (m 2 /g), shown in Table 2 , and the measured mass of solid sample (g) used to generate a sample-DMPO slurry in each experiment. We will generally refer to these surface area-normalized OH* generation values as the basis for discussion of our experimental results. Finally, average grain sizes measured by light scattering are presented in Table 3 . 3.2.1. Olivine As illustrated in Figure 2a , OH* generation increased with increasing incubation time for all experiments, representing four different total periods of grinding. However, OH* generation does not increase with prolonged grinding as may be expected. Prolonging grinding from 5 to 15 min does increase the generation of OH*, but any further grinding decreases OH* generation. In fact, at the longest incubation period, the OH* generation for olivine ground for 45 min is no different from olivine ground for 5 min. Surface area increases slightly with increasing grind time and grain size decreases, as might be expected. Compared to other minerals and JSC-1A tested in this study, olivine generates the highest levels of OH* under almost all experimental conditions tested (Table 1) .
Pyroxenes
As shown in Figures 2b and 2c , augite and diopside generally exhibit increased generation of OH* with increasing incubation time. Both pyroxenes exhibit similar relationships between OH* generation and grind time. The 5-min grind time generated the most OH*, followed by the 15-, 30-, and 45 min grind times. 
Quartz
Quartz generated the least amount of OH* relative to all the other minerals, and no consistent trend can be ascertained regarding grind time and incubation time. Figure 2h shows the OH* generation trends of quartz.
ICP-AES
Dissolved iron was not present in our sample slurries at concentrations above the detection limit of ICP-AES, which we determined to bẽ 1.0 μM. This detection limit is similar to the maximum OH* values measured in our experiments (Table 1) . Therefore, we are unable to unambiguously determine whether dissolved iron derived from mineral dissolution played a role in the generation of OH* in our mineral-DMPO slurries.
Reactivity Versus Time
It can be seen in Figure 3 that both augite and quartz OH* generation decrease as a function of time. Quartz generated~0.5-μM OH* upon initial grinding, then rapidly decreased in reactivity, generating little to no measurable OH* with prolonged exposure to lab air. Augite generated higher concentrations of OH* (~0.9 μM) compared to quartz and maintained this relatively high reactivity until approximately 96 hr after initial grinding, after which point, little to no measurable OH* was generated.
SEM and EDX
SEM and EDX were used to assess how the particle shape and size change as a function of grind time and to detect any possible contamination from the grinding medium. SEM images reveal that all samples experienced size reduction and increased angularity as grinding time increased, and there was no obvious evidence of foreign contaminants for all mineral phases as determined by SEM or EDX (supporting information Figures S1-S35 ).
Methanol Test for OH* Generation
As shown in Figure 4 , the spectrum for the mixture of methanol, DMPO, and Fenton reagent is identical to that measured for a slurry of methanol, DMPO, and olivine powder, demonstrating that our mineral samples are generating OH* in solution and that our DMPO-OH spectra from mineral slurries do not result from interaction between DMPO and Fe 3+ . Figure 5 shows a plot that compares the relationship between OH* generation and FeO wt.% for each mineral (Fe concentration derived from X-ray fluorescence analysis is shown in Table 4 ), where it can be seen that augite and olivine generated the most OH* and contain the largest amounts of bulk iron compared to any other mineral. Linear regression analysis shows an r 2 value of 0.91 indicating a strong correlation between FeO content and OH* generation capability. We note that the lunar surface is rich in iron oxides such as ilmenite, which are not included in this study. Further research involving a reactivity assessment of iron-rich oxide minerals relevant to the lunar surface would lend further insight into the potential reactivity of lunar regolith.
Correlations Between OH* Generation and FeO Content
Discussion
Controls on Reactivity
Our results demonstrate that OH* generation by various silicate minerals and a lunar simulant can be reliably quantified by EPR spectroscopy when mineral slurries are prepared in the presence of the radical spin trapping compound DMPO. Quantification is achieved through the use of calibration curves based on EPR measurements of the spin standard compound TEMPOL, and integration of the first-derivative EPR spectra is not required to achieve quantitative results. Instead, measurement of β, the absolute value of the height of the first-derivative spectra, provides a reasonable approximation of total microwave absorption, which is proportional to the concentration of the EPR-active compound being measured.
Our results are in general accord with those of Hurowitz et al. (2007) who demonstrated the following order of reactivity from greatest to least, olivine > pyroxene (augite, diopside) > feldspar (labradorite), in terms of H 2 O 2 generation by mineral slurries that were generated by mixing freshly ground minerals with ultrapure water and measured using a fluorescence technique sensitive to H 2 O 2 . The details of our experimental protocols differ enough from those of Hurowitz et al. (2007) to prevent a direct quantitative comparison of H 2 O 2 generation to the OH* generation measurements presented here, but the general trends for OH* generation are the same as for H 2 O 2, with olivine > pyroxene (augite, diopside) > feldspar (albite, bytownite, labradorite) > quartz ( Figure 6 ). It is perhaps unsurprising that the JSC-1A simulant, being a mixture of plagioclase, pyroxene, olivine, and other igneous mineral phases, generally generates OH* concentrations that are intermediate between the pure mineral phases used in this study.
Nominally Fe-free minerals, such as quartz and albite (Table 4) , are capable of generating OH*, indicating that the generation of this radical species can occur as a result of reactions between Fe-free defect sites and water, consistent with previous studies (e.g., Turci et al., 2015) . However, our observation that OH* concentrations increase in the presence of Fe-bearing minerals suggests some role for Fenton chemistry. Unfortunately, our ICP-AES analysis was not able to verify whether OH* generation is a strictly surface-mediated process or is taking place in solution in the presence of dissolved iron. Other studies have alluded to the fact that Fenton chemistry can result from surface-mediated processes involving defect sites that contain Fe 2+ (Horwell et al., 2003; Turci et al., 2015) . Using techniques with more sensitive detection limits such as inductively coupled plasma-mass spectrometry may give a more definite answer as to whether this is a strictly surface-mediated process or a mix between solution and surface-mediated process. Regardless, reaction between H 2 O 2 and surface-Fe sites or dissolved Fe will yield the same result via Fenton chemistry: the generation of OH*. In the case of our slurry experiments, a ready source of H 2 O 2 is provided by reactions between pulverized mineral surfaces and H 2 O, as demonstrated by, for example, Hurowitz et al. (2007) .
One of the more surprising results of our study is that, in general, we observe that increased grinding time is inversely correlated to surface area normalized OH* generation. A reasonable a priori assumption is that increased grinding time should result in the production of increasingly finer particulates, higher surface area, and a larger concentration of broken surface bonds available to generate ROS when immersed in solution. Instead, we found that increased grind time did not always result in dramatically increased surface area, indicating that we may have approached a limit to continued size reduction with increased grinding time. We noticed during experimentation that the grinding container grew warmer with increased grinding time and suggest that the frictional heating that occurred as a result of mechanical interaction among the grinding container, grinding balls, and the mineral particulates in the container may have acted to anneal reactive surface sites that were generated in the early stages of the grinding activity.
Our results regarding the effect of incubation time on total OH* generation seems to indicate that incubation time generally has either no effect (albite, bytownite, diopside, labradorite, and quartz) or a positive effect (olivine, augite, and JSC-1A) on total OH* generation. Within these results, it is difficult to disentangle the competing effects of OH* generation by the mineral and decay of the DMPO-OH adduct, which has a half-life of~15 min (Nakamura et al., 2010) . We suggest that, for those experiments in which OH* concentrations were not strongly influenced by incubation time, a quasi steady state condition between OH* generation and DMPO-OH decay was achieved during the incubation. For experiments in which OH* concentrations increased with incubation time, (olivine in particular), the results likely indicate that the mineral had enough reactive surface sites to generate OH* at a rate that exceeded the rate of DMPO-OH decay. An additional factor, which may have added to the more rapid generation of OH* in some cases, is through interaction between Fe 2+ (at the mineral surface or released by dissolution) and H 2 O 2 generated by reactions between water and defect sites at the mineral surface. Mechanical alteration of mineral surfaces increases the amount of silica radicals on the surface Hasegawa et al., 1995) . Silica radicals could then react with water to generate hydrogen peroxide which then could react with any surface iron via the Fenton reaction to generate OH* as shown in reactions (2) and (3).
While more studies are needed, it is possible that reaction (2) may be responsible for the hydrogen peroxide measured by Hurowitz et al. (2007) . Kaur et al. (2016) measured hydrogen peroxide generation from lunar simulants, including JSC-1A in DI water, and found that hydrogen peroxide was generated in experiments conducted in air and in a N 2 -purged glove bag; both conditions generated H 2 O 2 at similar levels (Kaur et al., 2016) . It is interesting to note that the materials that contain Fe as a component of their nominal chemical formulae exhibit a relationship between incubation time and OH* generation (olivine, augite, and JSC-1A), whereas those without iron in their nominal chemical formulae generally exhibit no distinguishable trend with incubation time (albite, bytownite, diopside, and labradorite). These results are consistent with previous work using a range of ROS-sensitive measurement techniques and suggest a possible important role for Fenton chemistry as a cofactor in the generation of OH* in our experiments . Finally, the reactivity of an Fe-free (quartz) and Fe-bearing (augite) mineral was compared as a function of time, as seen in Figure 3 , where it can be seen that quartz reactivity dissipates much more rapidly compared to augite. This may be due to the large availability of iron in augite relative to quartz. Wallace et al. (2009) showed that freshly pulverized quartz approached the reactivity of unground quartz in approximately 10 hr, while JSC-1A took about 24 hr to reach such a level. Wallace et al. (2009) conducted experiments comparing the reactivity decay through time between JSC-1A and quartz. They left both of these samples in sample chambers that were approximately 25°C and at around 50% humidity after the samples were ground by hand using a mortar and pestle. The samples were not ground upon further reactivity experiments. They measured the amount of OH* using a terephthalate assay which involves the fluorescence measurements of the product formed due to oxidation of terephthalate via OH*. Overall, our results are in agreement with Wallace et al. (2009) . Accordingly, we suggest that any dust lingering inside a lunar habitat would likely see its reactivity diminish through time.
Potential Implications for Astronaut Health
Particles smaller than 10 μm accumulate in the lungs and cause diseases such as bronchitis and asthma, and any particle smaller than 4 μm would accumulate in the alveolus and could eventually lead to silicosis and cancer (Beckett, 2000) . Particles that are able to be uptaken by the human respiratory system will be of great concern for future lunar explorers. Locations where particles can travel within the respiratory system is shown as a function of grain size in Figure 7 (Horwell et al., 2007) .
While our work does not focus on nanosized particles, it is important to note that nanosized particles would have the potential to be absorbed by the lymphatic system or nervous system which would then enable the dispersion of lunar dust and np-Fe throughout the body (Dodson et al., 2007; Orberdörster et al., 2005) . Particle size distributions (PSD), which are plots of grain size versus quantitative abundance, of Apollo 14 soil show that there are particles in lunar dust as small as a few tens of nanometers in diameter, which highlights the potential health risks of being exposed to lunar dust (McKay et al., 2015) . Our work adds to a growing body of literature that has established that finely pulverized mineral and rock fragments present in the regolith of planetary surfaces in our solar system have the potential to spontaneously generate ROS when exposed to humid environments such as the human respiratory system. Dust migrated inside a human habitat from the vacuum environment of space is predicted to exhibit elevated reactivity levels relative to Earth dusts. The OH* generation demonstrated to occur here is of particular interest given the reactivity of this ROS species toward organic compounds, biomolecules, and genetic material, such as DNA and RNA (Caston et al., 2018; Fubini & Hubbard, 2003; Gilmour et al., 1995; Linnarsson at al. 2012; Schoonen et al., 2006) . These results suggest that inhalation exposure may lead to bodily harm.
Previous studies have shown that quartz dust generates greater toxicity responses in rats compared to lunar dust (sample 14003, 96) and anatase (James et al., 2013) . Our work demonstrated that quartz is one of the least reactive mineral phases, yet there is evidence that it is most toxic to rats relative to lunar dust containing highly reactive mineral phases such as pyroxene and olivine. More work needs to be done in assessing the toxicity of individual mineral phases relative to quartz in order to determine if there are any correlations between mineral reactivity and toxicity (e.g., Caston et al., 2018) . It has been shown, however, that the effects of inhaling fine particulates can have consequences that reach far beyond the respiratory system. How and why adverse bodily effects occur via inhalation of fine particulates is still unknown (Bhatnagar, 2006) . There has even been evidence presented where ingestion of fine particulates, including silica and asbestos particles, can lead to the development of gastrointestinal cancers (Garcia-Perez et al., 2015; Paris et al., 2017; Santibanez et al., 2012) . Inhaling fine magnetite particles has been associated with neurodegenerative diseases such as Alzheimer's disease (Maher et al., 2016) . There is an abundance of similar dust particles small enough to migrate into the human nervous system, which may potentially induce similar effects presented by Maher et al. (2016) . There are methods that may be worthwhile in further investigating regarding the mitigation of the toxic effects of dust inhalation. In a double-blind study conducted on nursing home residents in Mexico City, it was found that supplementation with omega-3 polyunsaturated fatty acids was able to reduce the adverse effects of exposure to particulate matter (Romieu et al., 2008) . The quantitative study of planetary regolith reactivity is a field in its relative infancy (McKay et al., 2015; Meyers et al., 2012; Turci et al., 2015; Wallace et al., 2009 Wallace et al., , 2010 , and while there exists a large body of work related to understanding the reactivity of toxic Earth minerals such as quartz, asbestos, and coal dust on which to build, there are aspects of reactivity that are unique to planetary surfaces which require further investigation. A further area to be explored is the effect of space weathering processes, such as surface amorphization, agglutinate formation, and nanophase iron metal production (Heiken et al., 1991; Thompson et al., 2014 Thompson et al., , 2016 , on mineral reactivity (Wallace et al., 2010) . Standard protocols should be developed to control for factors such as mineral grind time, incubation in spin trap solution time, time between grinding and measuring reactivity, storage conditions (i.e., temperature and humidity), and grinding methods/materials in order to be able to accurately compare mineral reactivity results between different studies. In summary, we suggest that studies designed to understand the mechanisms of mineral-induced ROS generation under conditions that accurately simulate planetary environments as well as the effects on biomolecules, cells (e.g., Caston et al., 2018) , and tissues are necessary to ensure the safety and long-term health of future human explorers visiting the surfaces of planets, moons, and asteroids where fine-grained regolith materials are present.
Conclusions
Quantitative evaluation of OH* generation at micromolar concentrations in mineral-water slurries using EPR spectroscopy combined with spin trapping techniques has been demonstrated. Increasing the amount of time that minerals and regolith simulants are subjected to mechanical pulverization by laboratory milling results in decreased OH* generating capability, despite the fact that increased pulverization time is observed to increase total surface area in some cases. We suggest that the frictional heating that takes place as a result of longer milling times has the effect of annealing reactive surface sites and results in lower reactivity and OH* generating capability. Increasing the amount of time that mineral and liquid solution are allowed to interact in mineral-water slurries has mixed effects that may be related to the presence or absence of iron in the mineral phase under investigation. We found that for feldspars, incubation time has little to no effect on OH* generation, suggesting either an immediate release of OH* to the mineral-water slurry or a steady state condition between OH* generation and destruction in the slurry. For nominally Fe-bearing materials (olivine, augite, and JSC-1A) and diopside, increased incubation time resulted in increased OH* concentrations, suggesting that the rate of OH* generation from these phases exceeds the rate of OH* destruction and/or that there is a cofactor involved that acts to increase the OH* generation capability of these phases. We suggest that the presence of iron in these phases may be acting as the cofactor by initiating the Fenton reaction and thereby increasing the overall OH* generation capability of Fe-bearing mineral phases. Even though more testing is required, our work points toward the hypothesis that lunar dust originating in the lunar mare exhibits higher OH* generation potential relative to dust originating in the lunar highlands. It is important to point out, however, that this in no way implies that humans working in the highlands are also not potentially susceptible to detrimental bodily effects. We show that mineral phases that generate larger amounts of OH* maintain their highly reactive state compared to those minerals which tend to generate lesser amounts of OH* (i.e., augite vs. quartz).
